Poor seismic performance of older reinforced concrete buildings in past seismic events has frequently been attributed to failure of non-ductile columns not detailed for seismic demands. The Seismic Assessment of Existing Buildings Guidelines developed in New Zealand (NZ Guideline) provides a performance-based engineering framework for assessment of existing buildings, with concrete buildings covered in section C5. This study compares the probable failure mode and deformation capacity assessed based on NZ Guideline, ASCE/SEI 41-13, and ASCE/SEI 41-17 with the results from quasi-static cyclic tests conducted on 52 rectangular and 13 circular reinforced concrete columns with reinforcement details similar to those of nonductile columns. Results indicate that the general curvature-based method of the NZ Guideline was not able to identify the observed failure mode but generally provides a conservative estimate of deformation capacity in comparison with ASCE/SEI 41-17. Based on the results of this study, a direct rotation-based acceptance criteria is proposed for NZ Guidelines. Also, slight modifications, to reduce conservatism, have been proposed for the curvature-based method.
INTRODUCTION
The vulnerability of older reinforced concrete columns without ductile detailing has led to the collapse of concrete buildings during earthquakes worldwide. Specifically, in New Zealand secondary 'gravity' columns designed prior to NZS 3101:1995, are vulnerable to brittle failure at low drifts due to lack of ductile detailing. Reinforcement detailing deficiencies have been identified as a key contributing factor to the collapse of CTV building in February 2011 [1] . The approval of the building amendment bill in 2017, which emphasises the need for Territorial Authorities to demand engineering assessment of buildings identified to be potentially earthquake-prone, has brought to the forefront the necessity for a simple but detailed seismic assessment procedure that can effectively predict the probable failure mechanism and deformation capacity of these vulnerable non-ductile buildings. While not compromising the reliability of predicted results, such a procedure should be straightforward and also not overly conservative so as to avoid unnecessary rehabilitation or unwarranted demolition. An effective assessment guideline must be based on knowledge gained from structural performance in previous seismic events, combined with empirical models and experimental evidence, while taking into consideration perceived risk factors and appropriate conservatism for desired performance objectives under various seismic hazards. To address this need, the Seismic Assessment of Existing Buildings Guidelines (NZ Guidelines) was released in July 2017 [2] .
Part C of the NZ Guidelines provides a methodology that enables engineers to perform a detailed seismic assessment. The methodology requires assessment of load paths in a structure, determination of probable strengths, deformation capacities and failure mechanism of structural components, and prediction of the global response of the building to seismic hazard and consequent seismic rating of the building. The NZ Guidelines are focused on life safety as the primary objective. A life safety issue is assumed to arise when the ultimate capacity of the building or its components is exceeded with a failure mode that could give rise to a "significant life safety hazard". A significant life safety hazard is defined as: "a hazard resulting from the loss of gravity support of a member/element of the primary or secondary structure, or of the supporting ground, or of critical nonstructural items that would reasonably affect a number of people". The NZ Guideline defines the ultimate capacity as "the building's probable capacity to withstand earthquake actions and maintain gravity load support calculated by reference to the building as a whole and its individual elements or parts".
The ASCE/SEI 41 Standard [3] - [5] , developed to assist engineers in the United States with seismic assessment of existing structures, provides a performance-based framework for comparison of probable deformation demands for different seismic hazards against probable deformation capacities for various performance levels. The ASCE/SEI 41 Standard was developed based on the FEMA 273 Guideline [6] and the FEMA 356 pre-Standard [7] . Updates have been made to the ASCE/SEI 41 Standard (2006, 2013 & 2017) [3] - [5] to reduce the level of conservatism through incorporation of results from laboratory experiments and relevant reliability concepts in the development of modelling parameters and acceptance criteria [8] . For concrete columns, ASCE/SEI 41 uses modelling parameter a to measure plastic rotation at significant degradation of lateral strength, modelling parameter b to define plastic rotation at axial failure and modelling parameter c to define the residual lateral strength of a component ( Figure  1 ). In ASCE/SEI 41-17, acceptance criteria are defined as fractions of modelling parameters in order to produce plastic rotation limits for various performance objectives. ASCE/SEI 41 provides acceptance criteria for three performance levels namely immediate occupancy (IO), life safety (LS) and collapse prevention (CP). ASCE/SEI 41 defines Immediate Occupancy as "the post-earthquake damage state in which a structure remains safe to occupy and essentially retains its pre-earthquake strength and stiffness". This performance level is typically targeted for frequent earthquakes. The Life Safety level is defined as "the post-earthquake damage state in which a structure has damaged components but retains a margin against the onset of partial or total collapse". Collapse Prevention is defined as "the post-earthquake damage state in which a structure has damaged components and continues to support gravity loads but retains no margin against collapse". The CP performance level is typically targeted for rare seismic events, often referred to as Maximum Considered Earthquake (MCE). The latest edition, ASCE/SEI 41-17, reduces the degree of conservatism and inconsistencies in probabilities of exceedance that characterised its predecessor (ASCE/SEI 41-13) by redefining modelling parameters to represent median estimates of experimental data and defining acceptance criteria through fixed probabilities of exceedance for various performance levels [9] .
Figure 1: Generalized force-deformation curve showing modelling parameters a, b & c [4].
The aim of this study is to compare the probable failure mode and deformation capacity assessed based on the NZ Guideline (July 2017 version), ASCE 41-13, and ASCE 41-17 with the results from quasi-static tests conducted on 52 rectangular and 13 circular reinforced concrete columns with reinforcement details similar to non-ductile columns designed prior to implementation of NZS 3101:1995. This comparison allows for an objective assessment of the NZ Guideline provisions for concrete columns; recommended modifications to C5 based on this assessment are included. The scope of this paper is limited to assessment of probable failure mode and deformation capacity of reinforced concrete columns. No detailed information is provided on determination of seismic demands, analysis methodology, and assessment of global capacity.
BEHAVIOR OF EXISTING NON-DUCTILE COLUMNS
Post-earthquake reconnaissance reports [10] , [11] from previous earthquakes around the world have detailed the poor performance of buildings with lightly reinforced concrete columns. Investigations of these buildings showed that the predominant cause of collapse was axial failure of gravity loading carrying components. Post-earthquake investigation and reports on buildings after the 2011 Christchurch earthquake [12] , [13] detailed vulnerability of buildings with non-ductile gravity columns. These columns were not designed to contribute to the lateral load resisting system; however, under lateral deformation due to seismic excitations, gravity columns must be able to sustain their axial load capacity. Niroomandi et al. [14] investigated the history of existing concrete buildings and the evolution of design Standards for reinforced concrete columns in New Zealand. A comparison of NZS3101:1970P, 1982 NZS3101:1970P, , 1995 NZS3101:1970P, and 2006 Standards showed that pre-1995 gravity columns, apart from gravity columns designed according to NZS 3101:1982 using a strength reduction factor φ of 0.9, are vulnerable to brittle failures under seismic actions. Table 1 gives a summary of reinforcement detailing requirements for columns designed to the aforementioned NZS 3101 Standards. The Table gives a clear indication that gravity columns designed to NZS 3101:1982 using the reduction factor φ of 0.9 contain more transverse reinforcement than secondary columns designed to any of the other Standards.
In recent times, concerns have focused on the vulnerability of the gravity columns with reinforcement details that limit their ability to sustain high gravity loads while subjected to peak lateral deformation demands during an earthquake. Such reinforcement details include:
 Lack of confinement for concrete core and restraint for longitudinal reinforcement  Poor transverse reinforcement anchorage (90 degree hooks)  Wide spacing of transverse reinforcement (s/d > 0.5)  Poorly confined column lap splices located in regions of maximum moment  Plain round longitudinal bars (until the mid-1960s) Such reinforcement deficiencies lead to undesirable failure modes in non-ductile columns. Potential failure modes of nonductile reinforced concrete columns include shear failure, flexural failure, and flexure-shear failure. A brief discussion on each failure mode is presented below:
Shear failure: In shear failure, the column experiences a brittle failure prior to flexural yielding. This failure occurs when the un-degraded shear strength is less than the shear demand at flexural strength. Brittle shear failure is characterised by diagonal cracking and it is often associated with columns with low aspect ratio (ratio of shear span to effective depth). Sheardamaged columns may possess axial capacity as a result of shear friction forces developed along the diagonal failure plane. For shear-damaged reinforced concrete columns under high axial load, loss of axial capacity may follow immediately after loss of lateral strength.
Flexure-shear failure: Flexure-shear failure is characterised by yielding of the column in flexure prior to failure in shear due to imposed flexural ductility demands that catalyse shear capacity degradation. As ductility demand increases, inclined cracks in concrete and degradation of aggregate interlock mechanism lead to degradation of the concrete contribution to shear capacity of the column. Sezen and Moehle [16] pointed out that concrete damage can also lead to loss of anchorage for transverse reinforcement and/or reduction in bond capacity for longitudinal and transverse reinforcement, thus degrading the truss mechanism as well.
Flexural failure: In a flexure-governed failure, degradation in the lateral load capacity occurs after the development of the column's flexural strength. Degradation in lateral strength and eventual loss of axial capacity is as a result of concrete spalling, longitudinal bar buckling due to lack of confinement for all longitudinal bars, poor anchorage and/or large spacing of transverse reinforcement, and concrete core crushing as a result of poor confinement without the formation of a diagonal failure plane ( Figure 2 ).
NZ GUIDELINES
Section C5 of the NZ Guidelines provides the provisions for concrete buildings. The determination of deformation capacity in C5 is based on a general methodology which entails computation of probable capacities of structural components and determination of likely inelastic mechanism and deformation (drift) level at which the mechanism occur. The approach in the calculation of probable component capacity involves evaluation of probable flexural strength, shear strength using the modified UCSD shear model [17] and deformation capacities. The general procedure of C5 is presented in a flowchart format in Appendix A. 
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Figure 2: Potentially inadequate transverse reinforcement detailing: (a) Poor transverse reinforcement anchorage and lack of confinement for all longitudinal bars, (b) Poor details result into loss of confinement for concrete core and lack of support for longitudinal bars after concrete spalling, (c) Longitudinal bar buckling as a result of loss of support due to excessive transverse reinforcement spacing and/or hoop opening.

Computation of Probable Flexural Strength and Deformation Capacity
The probable flexural strength can be computed from the probable material strength using stress block theory and strain compatibility assumptions. Probable curvatures at effective yield and ultimate are calculated and then a bilinear momentcurvature relationship is plotted. C5 assumes that probable ultimate curvature is reached when the compressive strain at the extreme fibre is equal to εc,max. For unconfined concrete, εc,max is assumed to be 0.004 and for confined concrete, the expression presented by Paulay and Priestley [18] can be used in computing εc,max. C5 assumes an unconfined condition if any of the following are present:
 transverse reinforcement spacing greater than half of the element's effective depth  transverse reinforcement spacing greater than 16 times diameter of longitudinal reinforcement  tie hooks are not properly anchored in the core (i.e. 90 degree hooks)  only corner longitudinal bar are restrained by a bend of transverse reinforcement.
The probable first yield curvature corresponds to the point when the extreme tension reinforcement first attains yield strain, or when the extreme concrete compression fibre attains a strain of 0.002, which ever happens first [19] . C5 Guideline provides approximations for the computation of the equivalent yield curvature for different cross-sections. The general procedure for computation of probable flexural strength and deformation capacities is presented in Appendix A.
Section C1 of the NZ Guideline categorises a "lightly reinforced concrete column with axial loads greater 0.5Agf'c"
where failure of the column would lead to collapse of the entire storey as a Severe Structural Weakness (SSW). For all SSWs a factor of 0.5 is applied to calculation of the probable deformation capacities.
Computation of Probable Shear Strength
The probable shear strength is calculated using the modified UCSD model [17] . This shear model assumes strength contribution from concrete, transverse reinforcement, and axial load through arch action (See Appendix A). While the concrete contribution depends on ductility level, the model assumes the effectiveness of transverse reinforcement and arch mechanism from the axial load doesn't reduce with increasing level of ductility demand. The reduction in concrete effectiveness is taken into account through the degradation factor, γ. For uniaxial demands, γ is defined to be equal to 0.29 for curvature ductility demand less than 3, to be equal to 0.1 for curvature ductility demand greater than 15, with linear interpolation for curvature ductility demand between 3 and 15.
The magnitude of the axial load component is taken as the horizontal component of the diagonal compression strut (forming between the top and bottom of the column) that carries the axial load [20] . The angle of the diagonal compression strut to the longitudinal axis of the column is defined as α.
Flexure-Shear Capacity Interaction Curve
According to C5, if the un-degraded shear strength is greater than the plastic shear demand, it is necessary to plot a flexureshear capacity interaction curve so as to capture shear strength degradation with increasing ductility demand and the possibility of the flexure strength-deformation curve Displacement of bars from as-built positions
Spalled concrete cover intersecting the shear strength-deformation curve. The postyield failure mechanism could either be flexure-governed or flexure-shear governed. The probable failure mode is determined using the flexure-shear interaction curve. An intersection of flexure strength curve and shear strength curve before the yielding of the section signifies a probable shear failure mode while an interaction after yielding of the section signifies a probable flexure-shear failure (See Appendix A).
As previously stated, the UCSD shear strength model is used in developing the flexure-shear interaction curve in C5. This model, just like a number of other shear strength models [16] , [21] , [22] , was developed for estimating the strength of a column as a function of deformation demands. Elwood & Moehle [23] studied the effectiveness and reliability of shear strength models in the estimation of deformation capacity for a given shear demand -an approach adopted by C5 in the estimation of drift ratio at flexure-shear and shear failure modes. Using the Sezen & Moehle shear strength model [16] and a dataset of 50 shear-critical reinforced concrete columns, the study showed that the strength ratio (defined as the ratio of measured shear strength to calculated shear strength) had a mean value of 1.06 with a coefficient of variation of 15%. On the other hand, the mean drift ratio (defined as the ratio of measured drift ratio at lateral load failure to calculated drift ratio capacity) had a mean value of 1.78 with a 63% coefficient of variation. The study concluded that estimating deformation capacity using a shear strength model may be inappropriate. 
Ultimate Deformation Due to Onset of Longitudinal Bar Buckling
(1) kebb = 0 for columns with s/db ≥ 6 kebb = 40 and 150 for rectangular columns and spiralreinforced columns with s/db <6, respectively. Equation 1 provides an estimate of the median drift at which bar buckling occurs, with a coefficient of variation of 25% based on a database of 62 rectangular and 42 spiral-reinforced columns [24] .
Drift Ratio at Flexure-Shear Failure
For columns expected to experience shear failure after flexural yielding, C5 adopts the Elwood & Moehle drift at shear failure model [23] . The displacement at shear failure can be computed as: ' ' 0.03 4 0.024 0.025 0.01
Equation 2 provides an estimate of the median drift at 20% loss in lateral load capacity for columns experiencing a flexure-shear failure, with a coefficient of variation of 34% based on a database of 50 shear-critical columns [23] . The text of C5 is not clear if the drift based on Equation 2 or the drift based on intersection of the flexural response curve and shear strength envelope (See Figure A4 , Appendix A) should be used for the drift at flexure-shear failure.
It should be noted that while models for mean or median response (such as Equations 1 and 2) may be appropriate as modelling parameters, they may not be appropriate for acceptance criteria given the relatively large coefficient of variations arising from the simplicity of the empirical models and the complexity of the phenomenon. It is encouraged that acceptance criteria should be set, with desirable probabilities of exceedance, as fractions of estimates derived from medianbased models. Furthermore, the use of empirical models to assess structural components with properties dissimilar to those of the specimens used in the validation of the models may not be appropriate.
ASCE/SEI 41-13
ASCE/SEI 41-13 [4] establishes the deformation capacity of a column based on its probable failure mode. The probable failure mode is ascertained by comparing the probable plastic shear demand (shear force corresponding to development of flexural capacity) with un-degraded probable shear strength computed using the shear strength model developed by Sezen and Moehle [16] . Unlike the Sezen and Moehle model, ASCE/SEI 41-13 takes into consideration the effectiveness of widely spaced transverse reinforcement in resisting shear. ASCE/SEI 41-13 specifies that a 50% reduction in the effectiveness of transverse reinforcement if the transverse reinforcement spacing exceeds half the component effective depth and the transverse reinforcement is considered ineffective if its spacing exceeds the primary effective depth (Equation 3). Based on the ratio of computed plastic shear demand (Vf) to un-degraded shear strength (Vprob(0)) and transverse reinforcement details, ASCE/SEI 41-13 classifies columns into different failure modes ( Table 2) . For a column to be classified as flexure-governed, its ratio of transverse reinforcement spacing to effective depth must not be greater than 0.5, and transverse reinforcement ratio must not be less than 0.002 in the plastic hinge region. Based on a column's predicted failure mode, ASCE/SEI 41-13 recommends modelling parameters a, b & c. ASCE/SEI 41-13 defines a as the plastic rotation at significant degradation of lateral strength (i.e. from yield up to 20% loss of lateral load capacity), parameter b is defined as the plastic rotation at onset of axial failure and parameter c defines the residual lateral strength of a component (Figure 1) . Given the scatter involved in the estimation of the modelling parameters, target probabilities of failure were established by taking into account consequence of each failure mode [8] . a values were selected to achieve probability of failure less than 35% for flexurecritical members and less than 15% for shear and flexure-shear critical members while probability of failure for b values, irrespective of failure mode, was set to less than 15%. Target probabilities of failure are conditional upon the earthquake demand causing drifts exceeding the acceptance criteria, and ASCE/SEI 41 indicates that the true probability of failure of an existing building throughout its design life will be significantly lower, given the low probability of exceedance for commonly selected design ground motions [8] .
Acceptance criteria for reinforced concrete columns are dependent on predicted failure condition, modelling parameters (a & b) , and desired performance level. Values of modelling parameters and acceptance criteria for different performance objectives are provided in Table 10 -8 of ASCE/SEI 41-13 [4] .
ASCE/SEI 41-17
Acceptance criteria for columns in ASCE/SEI 41-17 [5] , unlike the ASCE/SEI 41-13, are equation-based. For columns not controlled by inadequate splicing, modelling parameters and acceptance criteria are computed based on the axial load ratio, transverse reinforcement ratio, and ratio of shear demand at flexural yielding to un-degraded shear capacity. Including Vf/Vprob(0) in the calculation of the drift capacity removed the necessity to categorise the failure mode of the column as done in ASCE/SEI 41-13. The equation for estimation of modelling parameter a was obtained through linear regression to represent a median estimate from experimental values in the ACI 369 column database [25] . The equation for modelling parameter b is based on a modification of the shear-friction failure capacity model developed by Elwood and Moehle [15] due to lack of adequate data to calibrate a regression model.
Li et al. [26] showed that the shear model adopted by As noted previously, while median estimates are appropriate for modelling parameters, it is prudent to select acceptance criteria with a lower probability of exceedance considering the relatively large coefficient of variations typical of empirical models for drift capacity. In ASCE 41-17, acceptance criteria were selected as 15% of the a values, but not greater than 0.005, for Immediate Occupancy, 50% of the b values for Life Safety, and 70% of the b values for Collapse Prevention. The fractions of b values were selected to achieve low probabilities of axial failure for columns satisfying the acceptance criteria. These probabilities were 10% and 25% for Life Safety and Collapse Prevention, respectively.
COLUMN DATABASE
For this study, a dataset of reinforced concrete column tests were drawn from the ACI 369 database [25] . The ACI 369 database is a compilation of approximately 500 quasi-static reinforced concrete column (rectangular and circular) tests conducted worldwide. The database was developed to help facilitate updates to the concrete provisions of ASCE/SEI 41. The ACI 369 database provides information on geometric properties, sectional properties, force-displacement relations and other vital parameters for each column test.
With the intent of assessing how well C5 and ASCE/SEI 41 capture the failure of typical pre-1995 gravity columns in New Zealand, a set of column tests were selected from the ACI 369 database with the ratio of transverse reinforcement spacing to effective depth (s/d) similar to the detailing of pre-1995 gravity columns as reported by Niroomandi et al. [14] . A total of 52 rectangular columns with s/d ≥ 0.5 and concrete compressive strength not greater than 50MPa were identified. However, only 11 circular column tests fit within the selection criteria. Only two additional column tests, on non-ductile circular columns, could be identified from other sources [27] , [28] . Thus, making a total of 13 non-ductile circular columns in the dataset. Columns with lap splices were excluded from the dataset. The distributions of key parameters for rectangular and circular columns in the dataset are presented in Relating to failure modes of the rectangular column specimens reported in the database, 10 column specimens were reported to have failed in shear, 32 in flexure-shear, and 10 in flexure. For the circular column specimens, six were reported to be shear dominated, six were flexure-shear dominated and one was flexure dominated. The values of plastic rotation at lateral-load failure (i.e. a from ASCE/SEI 41) and plastic rotation at axial-load failure (i.e. b from ASCE/SEI 41) were extracted from drift values provided by the ACI 369 database [24] . a values were computed as difference between the drift (rotation) at which the lateral strength degraded by 20% from peak strength and drift (rotation) at yield. Rotation at yield was estimated by drawing a secant line, from the origin, to pass through the curve at 70% of maximum lateral load (Vmax) and made to intersect a horizontal line drawn at Vmax. The drift at this intersection point was taken as the yield rotation [29] . Likewise, b values were computed from values of rotation at the initiation of axial-load failure, if reported. Drift at axial failure was recorded in only eight tests. For columns tests where the axial failure was not reported, the database recorded the maximum drift reached during test or drift at which lateral strength degraded by 75% [26] .
Figure 3: Properties of rectangular columns in the dataset.
COMPARATIVE STUDY USING REINFORCED CONCRETE COLUMNS IN DATASET
Following the outlined procedures in the aforementioned NZ Guideline (C5) and ASCE/SEI 41 Standards, computations of probable failure modes and deformation capacities were carried out for each of the 65 columns in the database.
Comparison of Expected Failure Mode
As indicated, ASCE/SEI 41-17 does not require the determination of the probable failure mode; however, for comparison purposes the un-degraded shear strength using Equation 4 was used in the determination of the probable failure modes based on Table 2 . Output from this hybrid procedure is referred to as ASCE/SEI 41-13/17. The accuracy of C5, ASCE/SEI 41-13, and ASCE/SEI 41-13/17 in predicting probable failure modes is depicted using a matrix form below (Tables 3, 4 & 5) . The green cells represents number of failure modes that were accurately predicted. The red cells and yellow cells contain failure modes that were incorrectly predicted (i.e. "34" in the red cell ( Table 3) depicts number of flexure-shear critical columns that were classified as flexure-critical by C5). Yellow cells can be construed as 'conservative' (e.g. shear failure predicted, but flexural failure observed) while red cells can be construed as 'nonconservative' (e.g. flexural failure predicted but shear failure observed). Table 3 shows that C5 performs very well in in the prediction Equation 3 ) As a matter of fact, most of the eight flexureshear columns classified as shear columns by the hybrid procedure have shear capacity ratio only slightly higher than unity, thus supporting the conclusion of the Li et al. study [25] that the upper bound of shear capacity ratio for flexure-shear failure mode should be set at 1.1. Both ASCE/SEI 41-13 and 0.5 0.7 0.9 1.1 0 ASCE/SEI 41-13/17 (conceived in this paper for comparison purpose) conservatively require that a column's transverse reinforcement spacing should be less than half of effective depth (s/d <0.5) for it to be classified as flexure-governed. Since all columns in the data set have s/d ≥ 0.5, the ASCE/SEI 41 Standards could not categorise any component as flexuregoverned. Considering possible variability in failure mode due to inherent material uncertainty and/or strain rate effect [30] , [31] , perhaps this conservatism for columns with such wide spacing of transverse reinforcement is appropriate.
Comparison of Probable Deformation Capacities
Values of a and b from ASCE/SEI 41-17,were computed using the modelling parameter equations (Equations 5 & 6). Given the significant underestimation of deformation capacity by ASCE/SEI 41-13 its implementation would result in unnecessary retrofits and hence is not considered further in this section. Plastic rotations θp from the C5 were calculated as follow: For shear-critical columns, θp equals zero, while for columns predicted to be flexure and flexure-shear critical, plastic rotations were calculated as difference between rotation at failure, using the flexure-shear interaction plot, and yield rotation, as defined previously. A comparison of computed plastic rotation at loss of lateral load, following provisions in C5 and ASCE 41-17 and measured plastic rotation is presented in Figure 5 . As shown in the Figure, the C5 Guideline provides a conservative estimation of plastic rotation. The C5 estimation correlates to a mean ratio, defined as the mean of the ratio of measured plastic rotation to computed plastic rotation values, of 3.5. ASCE/SEI 41-17 provides a better estimate of the median capacity from the tests. Given that the modelling parameters in ASCE/SEI 41-17 were developed based on the ACI 369 database, from which the dataset used in this study is derived, it is not surprising that the mean ratio on the estimation of a using ASCE/SEI 41-17 is 1.1.
A plot showing comparison between experimental values of plastic rotation at axial failure (b) and computed values using the ASCE/SEI 41 Standards is presented in Figure 6 . As shown in the plot, most of the data points fall on the unconservative side. However, as earlier stated, only eight of these columns were tested to axial failure (solid squares) and they all fall on the conservative side of the plot. Also, Ghannoum and Matamoros [26] duly noted that the assumption of drift at 25% of lateral strength as drift at axial failure provides a lower bound estimate of the experimental data, hence the results shown in Figure 6 are not unexpected.
Recall that the acceptance criteria in ASCE/SEI 41-17 are specified as a fraction of the modelling parameters a and b. Hence, the acceptance criteria are more conservative than implied by Figures 5 and 6 . 6). However, to be consistent with the intent of NZ Guidelines to assess a significant life safety hazard based on loss of lateral load capacity, it is recommended to consider the acceptance criteria in NZ Guidelines as a fraction of modelling parameter a (loss of lateral load capacity), rather than modelling parameter b. Figure Figure 7 indicates that using 75% of a (from Equation 5) as acceptance criteria would correspond to a probability of failure of 25% based on the dataset of nonductile rectangular columns used in this study (Figure 7) . It is noted that at 0.75a all high axial load cases (above 0.35Agf'c) are conservatively assessed.
The acceptance criteria is also adequate for non-ductile circular columns. (Figure 8 ). It is noteworthy that the three overestimated specimens have transverse reinforcement ratio less than 0.05%. ASCE/SEI 41-17 duly notes that modelling parameter equations are not applicable to such columns. Thus, for columns with very low reinforcement ratios, it is proposed that they are treated as force-controlled. For NZ Guidelines, it is recommended that for any column with transverse reinforcement less than 0.05%, the plastic rotation capacity be taken as zero.
ASCE/SEI 41/17 provides a less conservative acceptance criteria for circular columns, which follows the conventional assumption that circular columns with spiral reinforcement perform better than rectangular columns with rectilinear ties. This assumption cannot be justified for lightly reinforced circular columns due insufficient data for verification, and hence is not recommended for the assessment of non-ductile circular columns in New Zealand.
In addition to providing a better estimate of deformation capacity, using 0.75a (where a is given in Equation 5 ) as a rotation-based acceptance criteria has the following advantages over the curvature-based method:
 Simpler to implement in practiceno need to perform moment-curvature analyses  Less criteria to consider in assessment -0.75a replaces limit for bar buckling, concrete crushing, and flexure-shear failure as these failure modes are implicitly considered in the limit.  Better estimate of column failure mode by using shear model from ASCE 41-17 (see Table 5 ). In certain cases, exceeding the proposed deformation limit at loss of lateral resistance of a column, 0.75a, may not significantly compromise the integrity of a building, unless the axial load capacity of the column is exceeded. For such cases, it is recommended that the Life Safety deformation limit of ASCE/SEI 41-17 (0.5b) be adopted as probable plastic rotation at axial failure of reinforced concrete columns. Life Safety acceptance criteria rather than Collapse Prevention is recommended since this check is done at ULS (500 year return period) demands in NZ Guidelines, rather than at MCE demands in ASCE 41-17.
The above recommendations have been incorporated as a rotation-based assessment method in an updated version of C5 currently under review by MBIE (at time of paper submission).
Modification to General Curvature-Based Approach
As noted previously in this paper, column provisions of the C5 July 2017 edition are unable to adequately capture probable failure mode and also under predicts the deformation capacity of the non-ductile columns in the dataset used in this study. Using a larger dataset of reinforced concrete column tests, compared to that used in developing the UCSD shear strength model, Sezen and Moehle showed that their shear strength model provides an estimate with mean ratio of 1.05 and CoV 0.15. As shown in Table 5 , the Sezen and Moehle model adequately captures the failure mode of the columns in the dataset used in this study. Hence, it is proposed that the Sezen and Moehle shear model is adopted in C5, similar to ASCE/SEI 41-17.
An improved level of conservatism in the prediction of deformation capacity using the general curvature-based approach can be achieved by modifying the plastic hinge length limit and the definition of unconfined conditions used in C5. It is proposed that the plastic hinge length should be limited to a minimum of 2Lsp (Priestley et al 2007) . It was noted, for the columns in the dataset used in this study, that the 2Lsp limit improves deformation capacity estimation by 40%, on average.
Furthermore, for the estimation of εc,max. it is proposed that the unconfined condition be assumed only if any of the following are present:
 transverse reinforcement spacing greater than half of the element's effective depth and 12 times diameter of longitudinal reinforcement  transverse reinforcement spacing greater than 16 times diameter of longitudinal reinforcement  tie hooks are not properly anchored in the core (i.e. 90 degree hooks)  only corner longitudinal bars are restrained by a bend of transverse reinforcement.
When compared against the July 2017 version summarised previously under Computation of Probable Flexural Strength and Deformation Capacity, the only change is to add the condition in the first bullet that the transverse reinforcement must also be greater than 12 times the diameter of the longitudinal reinforcement.
A comparison of deformation limits provision by the C5 July 2017 edition and proposed provisions is presented in Table 6 .
CONCLUSIONS
This study has assessed the proposed acceptance criteria for concrete columns in C5 of NZ Guidelines, and compared these limits with limits in ASCE/SEI 41 and data from cyclic tests 52 rectangular and 13 circular concrete columns similar to secondary 'gravity' columns found in pre-1995 buildings in New Zealand. The following conclusions are made:
 Compared to the ASCE/SEI 41 assessment procedures, the C5 curvature-based procedure is time consuming;  The July 2017 C5 curvature-based procedure predicts most columns will experience flexural failures, when in fact flexure-shear failures are observed in tests;  July 2017 C5 curvature-based procedure, in comparison with ASCE/SEI 41-17, results in a more conservative deformation limit relative to performance of the column tests considered in this study;  ASCE/SEI 41 provides a simple estimate of the plastic rotation at lateral load failure, a, with a mean ratio of 1.1 while the July 2017 C5 curvature-based procedure provides estimates with a mean ratio of 3.5, based on the selected database.
Based on the results of this study, it is recommended to use 0.75a, where a is based on Equation 5, as a rotation-based acceptance criteria for concrete columns in C5 of the NZ Guidelines. Modifications to criteria for definition of unconfined conditions and plastic hinge limit of the curvaturebased procedure are also proposed to provide a better estimate of the deformation capacity of non-ductile concrete columns. 
NOTATION
APPENDIX A
A flow chart of the C5 procedure for estimating probable failure mode and deformation capacity of reinforced concrete columns is presented below. A general summary of this presented in Figure A1 . Figures A2 and A3 present procedures for estimation of flexural strength, flexural drift capacity and shear strength respectively. Figure A4 shows typical flexure-shear interaction curves for probable failure modes of secondary 'gravity' reinforced concrete columns 
